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Summary
A full life cycle assessment (LCA) is usually a time, energy, and data-intensive process
requiring sophisticated methodology. Our meta-analysis of life cycle greenhouse gas (GHG)
emissions of wind electricity highlights several key, sensitive parameters to provide a better
understanding of the variability in LCA results, and then proposes a methodology to establish
a simplified, streamlined approach based on regressions built on these key parameters.
Wind electricity’s environmental performance can be linked to three essential components:
technological (e.g., manufacturing), geographical (e.g., wind speed), and LCA methodology
(e.g., product lifetime).
A regression has been derived based on detailed LCA results from a representative
sample of 17 industrial wind turbines manufactured and recently installed in Europe on
average land configurations. Simple GHG performance (i.e., emissions) curves depending
on average on-site wind speed and wind turbine lifetime are proposed. Whatever the
system power, considering the full range of possible wind speeds in Europe (4 to 9 meters
per second [m/s]) and a lifetime of 10 to 30 years, emissions vary from 8.7 to 76.7 grams
of carbon dioxide equivalent per kilowatt-hour (g CO2-eq/kWh) when the wind speed is
less than 6.5 m/s, and from 4.5 to 22.2 g CO2-eq/kWh when the wind speed is 6.5 m/s
or greater. This second situation with a turbine lifetime of 20 years is assumed to be most
realistic based on economic criteria.
This research presents simplified models as an alternative to detailed LCA. The method-
ology has been applied as a first trial to wind electricity and could be applied to other
energy pathways.
Introduction
Wind energy production has been widely studied for the
last three decades. Wind turbine technology has greatly im-
proved and drastically increased the average nominal rated
power, from an average power of 730 kilowatts (kW) in 2002
to 1.85 megawatts (MW) in 2009 (Le Jannic and Petitjean
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2010).1 Thus, in 2009, 37.4 gigawatts (GW) of new onshore
wind turbines (WTs) were installed worldwide, representing an
annual 42% growth in installed capacity (Global Wind Energy
Council 2010).2
Recent reports on renewable energies promote the relative
greenness of these technologies compared with fossil fuel-based
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systems (EuropeanWind EnergyAssociation 2009; Greenpeace
and EREC 2008). Most of the time, electricity generated from
WTs is considered carbon dioxide (CO2) free over its use phase
(GlobalWind EnergyCouncil 2010). However, if examined be-
yond direct emissions and from a life cycle perspective, WTs do
have environmental impacts (such as “indirect CO2”) during,
for example, the manufacturing or building phase of the sys-
tem. It is therefore necessary to consider impacts over the full
life cycle of wind power technology, especially when aiming
to compare different energy pathways (Greenpeace and EREC
2008).
Life cycle assessment (LCA) is a useful tool dedicated to the
assessment of environmental impacts over all the life stages of
a product, providing a “cradle-to-grave” environmental proﬁle.
LCAs have been used since the 1970s, and have been widely
used since themethodologywas standardized through guidelines
of the International Organization for Standardization (14040;
ISO 2006a, 2006b). Many wind power environmental assess-
ments based on LCAs focus on primary energy consumption
and greenhouse gas (GHG) emissions.
The environmental performance of WTs is highly variable.
For instance, Lenzen andMunksgaard (2002) show through lit-
erature review an emissions range of 7.9 to 123.7 grams carbon
dioxide equivalent per kilowatt-hour (g CO2-eq/kWh).
3 Such a
wide range of results is obviously linked to the variable assump-
tions and parameters used by different authors. Many reasons
explain such variability, such as the dynamic development of
this industry and the broad array of technologies it represents.
However, the GHG emissions from wind power electricity re-
main far below the values observed for fossil fuel electricity, such
as coal electricity, which ranges from 755–1,309 gCO2-eq/kWh
(Spadaro et al. 2000). Renewable energy systems’ environmen-
tal performance is also highly geo-dependent (Blanc et al. 2008)
and driven by external factors that inﬂuence electricity pro-
duction; in our particular case, wind characteristics (European
Environment Agency 2009). This wide variability in environ-
mental performance can lead policy makers to consider LCA
as an inconclusive method (Reap et al. 2008). To improve
conﬁdence in LCA results, it is thus necessary to make these
wide-ranging results comprehensive and explain the sources of
variability through meta-analysis by identifying the main pa-
rameters inﬂuencing and characterizing the system’s environ-
mental performance.
Another important step to expand the use of LCA in indus-
try is to provide a simpler, more efﬁcient approach to assessing
environmental impacts. Simple and easy access to robust envi-
ronmental assessments would be useful, for example, to identify
themost suitable locations for newWTs.We propose amethod-
ology to establish a simpliﬁed approach to analyzing onshore
WTs using regressions built on key sensitive parameters. This
approach does not substitute for a full detailed LCA, but relies
on somekey recursive parameters that can explainmost impacts.
Bala and colleagues (2010) have already presented the possi-
bility of decreasing the use of detailed LCAs by developing re-
duced inventories comprising the main parameters inﬂuencing
GHG emissions. Our methodology shares the same goal by pro-
viding a simple and robust tool to estimate GHG performance
in the wind power industry. However, unlike the work of Bala
and colleagues (2010), we do not focus on reduced LCAs, but on
regressions based on a representative set of detailed LCA results.
Thus, in this article, we present the methodology for producing
a reduced model capable of deriving the environmental perfor-
mance of any existing onshore wind power electricity system.
This generic approach has been developed for one single im-
pact indicator related to climate change (GHGs expressed in g
CO2-eq/kWh).
The methodology is described in the following sections:
1. A survey of literature and life cycle inventory databases
is done to assess the state of the art of the environ-
mental performance of wind electricity. In this survey,
several publications (Ardente et al. 2008; Chataignere
and Le Boulch 2003; Crawford 2009; ELSAM 2004;
ELSAM and Vestas 2004; ENEL 2006; Global Wind
Energy Council 2010; Hondo 2005; Jungbluth et al.
2005; Lenzen and Munksgaard 2002; Lenzen and
Wachsmann 2004; Martı´nez et al. 2009; McCulloch
et al. 2000; Nalukowe et al. 2006; O¨ko-Institut 2010;
Pehnt 2006; Rydh et al. 2004; Tremeac and Meunier
2009; Vestas 2006; Weinzettel et al. 2009) are evalu-
ated for GHG emissions, with published results clearly
showing the variability in environmental performance
of wind power. Much work has been done in this do-
main, but many studies are outdated due to the rapid
evolution of the technology: average installed power in-
creased by a factor of 3 in 8 years (Le Jannic and Petitjean
2010).
2. A detailed analysis of the origin of wind turbine im-
pacts is provided through thorough assessment of one
WT inventory from the Ecoinvent database. The Ecoin-
vent (Ecoinvent 2009) WT LCA analysis and the litera-
ture survey highlight the importance of three parameters
types (technological, geographical, methodological) and
support the identiﬁcation of key sensitive parameters,
which are responsible for the main impacts related to
wind power electricity generation.
3. A representative sample of current WT technologies
is selected (also based on the technical data avail-
able) and their related GHG performance are calcu-
lated. Then, regressions are generated between the key
sensitive parameters identiﬁed and the GHG emissions
results.
4. The regressions are then applied to a new range of WTs
and their impact performances are extrapolated. Results
are compared to the related detailed LCAs in order to as-
sess the validity and reliability of the simpliﬁed approach.
5. The limits of the relevance of this type of approach de-
rived from LCAs for the wind turbine sector are then
examined.
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Variability of the Environmental
Performance of Wind Turbines from
Published Life Cycle Assessment Studies
The variability of LCA studies is assessed focusing on the
single GHG indicator through analyzing a survey of 19 LCAs
published on WT GHG performance (Ardente et al. 2008;
Chataignere and Le Boulch 2003; Crawford 2009; ELSAM
2004; ELSAM and Vestas 2004; ENEL 2006; Global Wind En-
ergy Council 2010; Hondo 2005; Jungbluth et al. 2005; Lenzen
andMunksgaard 2002; Lenzen andWachsmann 2004;Martı´nez
et al. 2009; McCulloch et al. 2000; Nalukowe et al. 2006; O¨ko-
Institut 2010; Pehnt 2006; Rydh et al. 2004; Tremeac and
Meunier 2009; Vestas 2006; Weinzettel et al. 2009). It was
decided to exclude studies featuring WTs with a rated power
below 500 kW, because this technology appears to now be ob-
solete and our study is focused on industrial WTs. The average
rated power of new installed WTs is around 2 MW (Le Jannic
and Petitjean 2010).
Figure 1 illustrates the distribution of WT carbon perfor-
mance with a chart showing the frequency in literature of vari-
ous CO2 equivalent emissions per kilowatt-hour.
Most impacts range from 5 to 35 g CO2-eq/kWh. The
average GHG performance per kilowatt-hour is 13.5 g CO2-
eq/kWh. The same trend and results are observed by Weisser
(2007), conﬁrming WT electricity as a low CO2 equivalent
emission technology. Through analyzing results in these pub-
lications, it is possible to determine the importance of some
parameters and life cycle phases, which could explain their in-
ﬂuence on the results distribution:
• The manufacturing phase is the main impact over the
life cycle. Different studies highlight the signiﬁcance of
the system’s manufacturing phase. The impacts are mainly
caused byWT steel content, but also, to a lesser extent, by
Figure 1 Results from the literature for greenhouse gas (GHG)
performance of select industrial wind turbines.
gCO2-eq/kWh = grams CO2-equivalent per kilowatt-hour;
SD = standard deviation.
the composite material used for the nacelle encapsulation
and the blades (Martı´nez et al. 2009). The concrete used
for the foundation also represents a signiﬁcant share of
total WT impacts.
• Most studies demonstrate that impacts during the build-
ing and operation phases are negligible (Jungbluth et al.
2005).
• Transportation also represents a small share of the overall
impact (Jungbluth et al. 2005).
• Maintenance represents a signiﬁcant share of the impact.
This maintenance is often deﬁned as replacing 15% of
nacelle components and one blade during a WT lifetime
(Chataignere and Le Boulch 2003).
• The load factor, which characterizes electricity produc-
tion performance, has a great inﬂuence (Lenzen and
Wachsmann 2004). Load factors are assumed to be in
the range of 20% to 30%; the average value in the publi-
cations covered was 27.4%, but no explicit calculations or
complete sensitivity analyses are provided for this speciﬁc
parameter.
• The lifetime of the entire WT is assumed to be 20 years;
only one publication considers a lifetime of 30 years
(Hondo 2005).
Identification of Key Parameters Through
Wind Turbine Life Cycle Assessment
Disaggregation
Following this ﬁrst survey of WT LCA performance, and in
order to attain deeper knowledge of the contribution of each
subsystem, we performed a disaggregation of one speciﬁc WT
system inventory then analyzed its related impacts to under-
stand and identify the most inﬂuential parameters.
We selected theNordexN50/800 (800 kW) life cycle inven-
tory (LCI) from the Ecoinvent database version 2.1 (Ecoinvent
2009), as thisWT is representative of themost commonWT in-
stalled in 2003 (Le Jannic and Petitjean 2010). No more recent
WT inventories for onshore WTs in the Ecoinvent database
are available, and we consider this inventory a valid reference,
as no signiﬁcant change in technology has appeared since then.
For this speciﬁc inventory, the ﬂows were provided by the man-
ufacturer (Dones et al. 2007).
The assumed lifetime is 20 years for moving parts (rotor,
nacelle, generator, etc.) and 40 years for ﬁxed parts (tower and
foundation). The connection to the grid is included in themov-
ing parts. Figure 2 presents the relative GHGs per kilowatt-hour
of electricity produced throughout the different WT phases.
From ﬁgure 2 it is possible to conclude that transportation
(for the maintenance phase) and lubricating oil represent a
negligible share of the overall impact. Considering the main-
tenance phase, compared to the literature survey (Chataignere
and Le Boulch 2003), some nacelle component replacements
are missing in this inventory. Maintenance is therefore assumed
to be negligible and not fully considered.
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Figure 2 Relative greenhouse gas (GHG) emissions per
component and wind turbine phase for the Nordex N50/800
(800 kW).
The moving parts (i.e., rotor and nacelle) represent more
than 67% of the overall impact. The ﬁxed parts have less
impact (32% of the overall impact) partly because their as-
sumed lifetime is twice as long as that of the moving parts.
Going a step further in the disaggregation of the ﬁxed and
moving parts, we observe that WT impacts are only driven by
a limited number of materials and processes, mainly composite,
concrete, steel, and their processing (see the supporting infor-
mation available on the Journal’s Web site for more informa-
tion). This conﬁrms the need to focus on these ﬂows instead of
putting intensive effort and time into obtaining information on
ﬂows with a minor inﬂuence on the ﬁnal WT GHG impacts.
Sample Selection and Characterization of
Wind Turbines for the Regressions
In order to calculate the GHG performance regressions of
wind power electricity, we must deﬁne a representative WT
sample and build associatedWT inventories. The sample needs
to represent the current industrial WT market in terms of
power installed and technology (characterized by materials,
power curve proﬁles, swept area, etc.). We chose 17 indus-
trial WTs from different manufacturers: three 800 kW (Dones
et al. 2007; Enercon 2010a, 2010b), three 850 kW (Gamesa
2010a, 2010b; Vestas 2007), one 1.65 MW (Vestas 2008), nine
2 MW (Gamesa 2008a, 2008b, 2009; Vestas 2006), and one 4.5
MW (Chataignere and Le Boulch 2003) WT. TheWT charac-
teristics can be found in the supporting information available
on the Web. For these WTs we were able to obtain their mass
and power curve proﬁles, which are the minimum data we need
to build their inventories. A survey on wind power develop-
ment (Le Jannic and PetitJean 2010) has shown that 800 kW
WTs were the standard type of WT installed in 2003, and that
2MWWTs are installed as of 2010.Moreover, in 2008 theman-
ufacturers we selected (Nordex, Enercon, Gamesa, and Vestas)
represented 43% of the wind power market (Lopez 2009). Our
study is therefore assumed to be representative of the wind
power market from the beginning of its “boom” period (2002)
to now. WTs with higher rated power do exist, but discussion
with experts concluded that they are not used in onshore con-
ﬁgurations in Europe (Maupu 2010). The regression we develop
is based on this sample.
The main differences between the WTs in our sample are
the tower and nacelle weights, the blade lengths (and thus the
swept area), the power curves, and the hub heights. Technical
characterizations for some WTs from the sample are given in
the supporting information on the Web (see tables S1–S4).
Assumptions for Modeling Wind Turbine Inventories
The next step is to build the 17 selected WT inventories to
calculate GHG performance. The only one of these inventories
currently available in the Ecoinvent database is for the 800
kW WT. We shall now describe the set of assumptions used to
extrapolate new inventories from the initial 800 kW inventory.
In the Ecoinvent database itself, all material ﬂows for the
moving parts or a 2 MW offshore WT were estimated using the
material distribution of the 800 kWonshoreWTnacelle (Dones
et al. 2007). The same material extrapolation assumption is ap-
plied to the full set of WT inventories; details of the material
shares can be found in the work of Dones and colleagues (2007).
We selected a 100% steel, low-alloy composition for the tower.
Regarding the 2 MW WT foundation, it was decided to use
338 cubic meters (m3) of concrete and 30 tonnes (t) of rein-
forcing steel, as selected by Sutcliffe and colleagues (2010).4 It
is also necessary to estimate the connection to the grid. In a
ﬁrst approximation we consider Ecoinvent for information on
the connection to the grid of onshore 800 kW WTs (Dones
et al. 2007). The associated GHG impact is 6,950 kilograms
(kg) CO2-eq over a 20-year lifetime. The section on approach
limitations discusses the sensitivity of GHG emissions from
wind power electricity to this subsystem.5
As seen in ﬁgure 2, transport formaintenance and oil disposal
is of minor importance. Thus it is not considered in our WT
inventories.
The energy/transport requirements (for manufacturing) are
difﬁcult to obtain. Our work aims at reducing the time/energy
necessary for the GHG performance calculation; we thus had
to deﬁne an approach to consider their contributions. We de-
cided to use the data provided by the Ecoinvent database (for
an 800 kW WT) for these ﬂows, and to assume a proportion-
ality hypothesis for the other nominal power rate. Thus en-
ergy/transport ﬂows represent 4.5% of the overall WT GHG
impact. Sensitivity to this assumption is discussed in the sec-
tion on approach limitations.
Finally, from our literature review and maintenance con-
siderations, we decided to include a 15% replacement rate of
nacelle components and one blade replacement during theWT
lifetime. The lifetimes of both the moving and the ﬁxed parts
are assumed to be identical and set to 20 years, as found in the
literature. These modiﬁcations to the initial 800 kW inven-
tory and its extrapolation scheme were necessary to model our
sample of 17 WTs.
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Analysis of Modeling Parameters for
Wind Turbine Environmental Impacts
The next step in setting our regressions involves the iden-
tification of key parameters explaining the GHG WT results
based on sensitivity analyses.
We define GHG environmental performance as the ratio
between the overall WT GHG impact (impactsWT) and elec-
tricity production over the WT life cycle:
GHG perf =
impactsWT
Electricity production
=
impactsWT
8760∗ A∗L∗LT∗ P
, (1)
where
8,760 = total number of hours in a year;
L = load factor (ratio of the operating hours at nominal
power divided by the total hours in a year);
A = availability factor, which takes into account periods
when the WT should be producing but for various reasons is
not;
LT = WT lifetime; and
P = WT nominal power.
We identify three types of parameters related to three dimen-
sions: a technological dimension, with parameters related to the
type of technology and materials used for the WT; a geograph-
ical dimension, directly related to wind conditions through the
load factor (L); and a methodological dimension with the life-
time (LT) parameter.
Sensitivity studies are performed first for GHG impacts, then
for GHG performance, varying these three parameters to iden-
tify which is most influential.
Sensitivity of Greenhouse Gas Emissions to
Technological Parameters
We investigated the GHG emission variations of several
2 MW WTs currently installed. The weights of the different
components were obtained from WT manufacturers’ datasheets
(Gamesa 2008a, 2008b, 2009; Vestas 2006).
Impacts expressed in GHG for five 2 MW WTs show a rel-
ative standard deviation of 9% (figure 3). Because the material
distribution is assumed to be the same for all WTs, the dif-
ferences are due to the variation in the components’ weights
(e.g., tower weight and nacelle weight). The variability of these
2 MW WT GHG impacts is fairly limited under identical con-
ditions of wind turbine lifetime and wind speed. The next step
is to investigate the influence of geographical parameters (wind
regime) for the same WT sample on GHG performance.
Sensitivity of Greenhouse Gas Emissions to
Geographical Parameters
Using the production calculations for wind power electricity
described in the supporting information on the Web, the power
curves from product datasheets and PelaFlow consulting (2010),
and equation 1, wind power GHG performance per kilowatt-
hour is presented as a function of wind speed for the same set of
2 MW WTs. Moreover, GHG performance is calculated with
an availability factor of 95%.
The results presented in figure 4 show great variability in
relation to the average wind condition. For low wind speed
conditions, the average GHG results are around 35 g CO2-
eq/kWh, but for high wind speeds this result drops to 7 g CO2-
eq/kWh, or five times lower. Indeed, for high wind speeds, WT
performance depends less on the power curve profile, as the
occurrence of wind corresponds more closely to the nominal
power of the WT.
Figure 4 also shows that for medium-to-good wind site lo-
cations (above 6 meters per second [m/s]), GHG emissions per
kilowatt-hour are very close for each WT.6 For instance, at
7.5 m/s average wind speed, the maximum difference between
all technologies is 1.5 g CO2-eq/kWh (with a relative standard
deviation of 7.5%). For very low wind speeds, the biggest dif-
ference in CO2 equivalent emissions is more significant (up to
11 g CO2-eq/kWh, relative standard deviation of 29%, for a
wind speed of 4 m/s).
Figure 3 Greenhouse gas (GHG) impact results of 2 megawatt (MW) wind turbines. Numbers on bars represent kilograms of carbon
dioxide (CO2) equivalent emitted per wind turbine over its lifetime. h = hub height.
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Figure 4 Greenhouse gas (GHG) emissions of the different 2 megawatt (MW) wind turbines as a function of the average wind speed. The
x-axis is presented with a reference hub height of 50 meters (m), however, the wind speed at each turbine’s hub height is extrapolated
using equations presented in the supporting information on the Web.
Variability Assessment
We identiﬁed possible sources of variability for wind power
GHG performance based on equation 1: lifetime, load factor,
WT GHG impact from manufacturing, and power.
As a ﬁrst step, we have excluded lifetime from our variability
study and will consider it at a later stage. We go on to analyze
the other three sources of variability in more detail:
• Load factor variability: the load factor represents electric-
ity production as a function of wind speed frequency by
giving an equivalent percentage of operation at nominal
power (see the supporting information on the Web). It is
strongly correlated with WT GHG performance because
it is deﬁned as a function of the wind speed at the WT
hub height (TheWindPower.org 2010). Other parameters
deﬁning the load factor function are land roughness and
the power curve proﬁle (see equations in the supporting
information on theWeb). Land roughness is independent
of technology and is a geographical parameter type. We
assume that we will set this parameter to a standard class
of land (agricultural land) to simplify the study and not
consider this parameter variability.
• WT GHG impact variability from manufacturing: We
have assumed similar material distribution for the nacelle
within theWT sample; a fairly low variability for the mass
of moving parts is found within the sample (see tables
S1–S4 in the supporting information on theWeb), which
induces marginal variability for GHGs.
• Size effect of the WT power: in our study, this parameter
is intrinsically linked to the others presented above; we
assume this effect to be negligible and consider linearity
between the differentWT nominal powers. While signiﬁ-
cant, this assumptionhas already beenmadewhere the size
of the turbine does not appear to be an important factor
in optimizing the life cycle energy performance (Crawford
2009). WT power might only have an impact when con-
sidering small equipment, less than 500 kW, as shown by
Tremeac and Meunier (2009).
The wind power electricity GHG performance is therefore
identiﬁed as a function of two major parameters: the WT life-
time and the average wind speed on the site.
Wind Turbine Greenhouse Gas
Performance Regression
So far we have identiﬁed the parameters to which the results
(in GHG performance) are most sensitive: wind speed has been
demonstrated to be highly inﬂuential on performance, with a
factor of ﬁve between the lowest and highest wind conditions
(ﬁgure 4). Conversely, the GHG impact from WT manufac-
turing, presented in ﬁgure 3, can be considered as low (rel-
ative standard deviation of 9% for the ﬁve 2 MW samples).
These ﬁndings lead us to deﬁne a regression from the 17 WT
sample, relating the wind electricity GHG performance to a
single parameter: wind speed. We derive this GHG perfor-
mance curve through a polynomial interpolation as a function
of wind speed with a ﬁxed lifetime (LT) initially assumed to be
20 years.
Table 1 and ﬁgure 5 conﬁrm thatGHGperformance is highly
dependent on a site’s wind conditions, which is directly linked
to electricity production. As a consequence, optimizing eco-
nomic proﬁtability is a win-win situation, as it minimizes GHG
emissions: the more electricity produced the less CO2 con-
tent per kilowatt-hour produced. Indeed, electricity production
performance is the main parameter inﬂuencing economic and
GHG performance.
However, in low wind conditions (typically less than 5 m/s),
as the conﬁdence interval gets larger, GHG performance may
depend on a wider set of parameters. Thus, for very low wind
speed conditions (worst possible case in Europe), emissions are
found to be 38.3 g CO2-eq/kWh (±14.8%). For average wind
conditions (∼6 m/s) GHG emissions are 13.0 g CO2-eq/kWh
(±12.2%), which is very close to the results in the literature.
For high wind speeds (greater than 8 m/s), the GHG perfor-
mance of WT electricity ranges from 5 to 10 g CO2-eq/kWh
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Table 1 Greenhouse as (GHG) performance for WTs as a
function of wind speed (lifetime = 20 years)
Average wind
speed (m/s)
GHG performance
(g CO2-eq/kWh)
Relative standard
deviation (%)
4 38.3 14.8%
4.5 26.9 14.2%
5 20.1 13.5%
5.5 15.9 12.9%
6 13.0 12.2%
6.5 11.1 11.7%
7 9.7 11.3%
7.5 8.6 11.0%
8 7.9 10.8%
8.5 7.3 10.6%
9 6.8 10.6%
Notes: m/s = meters per second; g CO2-eq/kWh = grams carbon dioxide
equivalent per kilowatt-hour.
Figure 5 Greenhouse gas (GHG) performance for wind turbines
as a function of wind speed; lifetime = 20 years, h = hub height.
Each dot on the line represents one of the 17 wind turbine samples
and the dotted lines illustrate the confidence interval.
(∼±10%). The confidence interval also decreases as the wind
speed condition increases, because the sample results become
less dispersed. Finally, the coefficient of determination (R2) of
the regression is 0.91.
Overall Reduced Life Cycle Assessment
Results Including Lifetime
As described in equation 1, LT is an LCA methodological
parameter that needs to be assessed separately from technolog-
ical and geographical parameters. Indeed, this factor strongly
influences total electricity production because LT can change
with the type of material used in WT fabrication and depends
on climatic conditions at the installation. Furthermore, LT is an
arbitrary LCA assumption, but it is critical to resulting sensitiv-
ity. Standard LT figures considered range from 10 to 30 years;
they are complex to define and important when considering
their variability.
We included this parameter and derived a set of regressions as
a function of the two main factors: lifetime and wind conditions
(figure 6 and table 2).
Table 2 and figure 6 show the strong influence of lifetime
on GHG performance. The selected lifetimes approximately
represent lower, average, and upper real values. When forecast-
ing the performance of a new WT installation, it is necessary
to estimate the upper and lower possible environmental value
for the kilowatt-hours produced, including the variation of one
particularly important methodological parameter: lifetime.
Figure 6 gives the full overview of possible GHG perfor-
mance for actual onshore wind power electricity. The distribu-
tion of literature results can now be explained. The confidence
interval remains unchanged compared to the results in figure 5
and table 1. Indeed, in figure 6 and table 2, results are presented
as a function of the average wind speed and lifetime, which
does not induce any modification in the confidence interval
definition.
Finally, in order to consider the actual wind power context,
we added an economic criterion: the box in the bottom-right
corner of figure 6. Nowadays most onshore WT systems are
installed with a 20 year lifetime and an annual 50 m height wind
speed of at least 6.5 m/s; see Archer and Jacobson (2005) for a
wind atlas and ADEME (2011) for WT locations in France. In
this restricted interval we thus obtained a GHG performance
range from 4.5 (±10.6%) to 11.1 (±11.7%) g CO2-eq/kWh.
This restricted interval presents the upper and lower limits
of the GHG performance considering the economic criterion.
Nevertheless, the full GHG performance interval (for a lifetime
between 10 and 30 years and an annual wind speed of 4 to
9 m/s) is presented to explain the variability in the literature
and because
• economic feasibility criterion can evolve depending on
WT market costs, and
• financial incentives can lead developers to install WT in
less windy sites.
Table 2 Greenhouse gas (GHG) performance as a function of
lifetime (LT) and average wind speed (meters per second)
GHG performance (g CO2-eq/kWh)
10 year LT 20 year LT 30 year LT
Average wind
speed (m/s)
4 76.7 38.3 25.6
4.5 53.7 26.9 17.9
5 40.2 20.1 13.4
5.5 31.7 15.9 10.6
6 26.1 13.0 8.7
6.5 22.2 11.1 7.4
7 19.4 9.7 6.5
7.5 17.3 8.6 5.8
8 15.7 7.9 5.2
8.5 14.5 7.3 4.8
9 13.6 6.8 4.5
Notes: m/s = meters per second; g CO2-eq/kWh = grams carbon dioxide
equivalent per kilowatt-hour.
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Figure 6 Greenhouse gas (GHG) performance as a function of lifetime (LT) and average wind speed (meters per second [m/s]). GHG
performance is in grams carbon dioxide equivalent per kilowatt-hour (g CO2-eq/kWh). The dotted box in the lower right represents the
upper and lower limits of the GHG performance considering practical economic criteria.
Usefulness and Validity of the Approach
Developed
The validity of the reduced model must be estimated, and
a comparison with the literature survey is now presented. In
the general literature survey, the GHG performance of wind
electricity was found to be 13.5 g CO2-eq/kWh for “average
conditions.” Applying the regression gives a result of 13.0 g
CO2-eq/kWh ± 12.2% (at 6 m/s and considering a 20 year
lifetime). Thus the results obtained fully match the literature
survey interval. To check the validity of the regression, we
now apply it to some speciﬁc WT situations. In the study by
Jacobson (2009), GHG performance of wind power electricity
ranges from 2.8 to 7.4 g CO2-eq/kWh (for a 30 year lifetime
and an average wind speed between 7 and 8.5 m/s). These
speciﬁc cases were not in the sample used to develop the model.
By calculating GHG performance of wind power electricity
using the newly deﬁned regression for the same lifetime and
identical average wind speed conditions, the regression results
range from 4.8 g CO2-eq/kWh (±0.5 g) to 6.5 g CO2-eq/kWh
(±0.7 g). Considering the range of uncertainty, both studies
give comparable results, conﬁrming the validity of our regression
compared to detailed LCA results.
Nevertheless, as explained previously, this work does not
aim to substitute for a complete LCA. The approach presented
offers two major advantages:
• it presents an explicit description of system variability,
enabling us to understand the variability of LCA results
observed (presented in literature); and
• it provides an estimation of GHG performance of wind
power depending on the main parameters, including the
differentiation between geographical and methodological
parameters.
Approach Limitations and Error
Assessment
In order to perform the regression for GHG performance of
wind power electricity, we had to make several assumptions to
build theWT inventories sample. The regression quality is thus
linked to the quality of the chosen hypothesis, and its validity
is restricted to the sample characteristics. Possible errors related
to these assumptions need to be underlined.
The grid connection and the energy/transport requirement
contributions have been estimated to represent 4.5% of the
overall WT impacts. This hypothesis could induce errors. How-
ever, such errors would remain at a low level: an increase of
1.5% if grid connection material needs doubled, and 5% if en-
ergy/transport requirements also doubled. Compared to lifetime
and wind speed, the transport contribution presents a small in-
ﬂuence in the European case, but could have a signiﬁcant inﬂu-
ence if the WTs are produced or used outside Europe (Lenzen
and Wachsmann 2004). The authors have shown that trans-
port inside Europe (Germany) represents less than 2% of the
GHG emissions forWTs manufactured and installed in Europe.
Our selected sample corresponds to this case. Moreover, sensi-
tivity analysis of WT impacts have shown variability linked to
the energy and transport requirements during theWT life cycle
(Martı´nez et al. 2010). It appears that, as much as possible,WTs
are produced locally to avoid long distance transportations; this
trend is observed both in Europe (Vestas 2011) and in China
(ALEF – International Energy post-master program 2011).
In the WT nacelle ﬂow quantiﬁcation, another error could
be caused by choosing the wrong steel in the inventories (low-
alloy steel versus chromium steel). Most types of steel present
a comparable CO2 equivalent impact per kilogram. Chromium
steel, which emits three times more CO2 equivalent per kilo-
gram, is the exception. Thus if the correct steel is not assigned to
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part of the nacelle components, this would induce an error. For
instance, if 10% (of the nacelle weight) is made of chromium
steel instead of low-alloy steel, the ﬁnal error induced would be
around 3.8%.
In addition, the end of life of WTs was not taken into ac-
count in the work because most of the studies presented in
the literature survey (Ardente et al. 2008) and the Ecoinvent
(2009) database assume a high recycling rate for the metals;
only the composite is supposed to be incinerated or partially
landﬁlled. The concrete is partially removed (and landﬁlled) or
left in the ground. The recycling process is partially described
in the Ecoinvent database and it supposes no CO2 impacts (the
old material is used again to replace the new material, without
any loss of properties or treatment). Thus only the composite
incineration has an impact, but this is estimated to be low (less
than 2%) and is therefore omitted.
The land roughness parameter inﬂuence has been partially
assessed. This parameter is used to calculate the wind speed at
the WT hub heights (see supporting information on the Web).
We selected a standard value for agricultural land, which is
supposed to be representative of most WT installation sites.
The roughness factor could have an inﬂuence if urban sites
are considered. However, because of policies, installations in
those sites seem unrealistic for industrial WTs. Considering the
roughness in coastal areas, for a 2 MW WT the extrapolated
wind speed at hub height would increase by 3%. The results
would be modiﬁed by approximately 5%.
Finally, we can roughly estimate a maximum 15% total error
associated with the assumptions we made for the WT LCIs.
However, this 15% error is an accumulation of all possible
errors and should be considered a worst possible case.
Conclusions
The main goal of this study was to develop a methodology
toward a simpliﬁed approach to quantifying the GHG perfor-
mance ofWTs as an alternative to performing a full LCA. First,
throughout our contribution to a meta-analysis of life cycle
GHG emissions, this present work highlights the importance
of several key sensitive parameters, and thus provides the user
a better understanding of the variability of results in the pub-
lished literature on LCAs. A regression was then derived based
on detailed LCA results for a representative sample of 17 in-
dustrial onshore WTs recently installed in Europe on average
land conﬁgurations (agricultural). GHGperformance curves for
WTs are based on themost dominant geographical andmethod-
ological parameters: wind speed and wind turbine lifetime. An
estimation of greenhouse gas emissions from the electricity pro-
duced by a wind turbine during its lifetime is therefore possible
for onshore WTs using these regressions. The regression results
range from 3 to 77 g CO2-eq/kWh, depending on the main
parameters. Uncertainties associated with the regressions vary
according to the range of wind speed considered: ±15% for
low wind speed conditions, ±12% for average conditions, and
±11% for good conditions. For standard wind conditions in
Europe, the mean results are similar to the variability range of
results in the literature. For low wind conditions, the derived
LCA regression proposed in this article shows a greater level
of uncertainty. For low average wind speeds, electricity produc-
tion is a critical factor, and technological parameters such as
hub height, or most probably power curve proﬁles, might have
a greater inﬂuence on GHG performance results. This should
be considered to further reﬁne this set of regressions. Regard-
less, however, the GHG performance (i.e., emissions) of wind
electricity remains far below that of fossil fuel-based electricity.
This research presents a newmethodology for creating an al-
ternative model to detailed LCA for ascertaining environmen-
tal performance. The methodology to develop this lightweight
approach has been applied as a ﬁrst trial to wind power electric-
ity GHG performances, and it could be applied to other energy
pathways.
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Notes
1. One kilowatt (kW) ≈ 56.91 British thermal units
(BTU)/minute ≈ 1.341 horsepower (HP). One megawatt
(MW) = 106 watts (W, SI) = 1 megajoule/second
(MJ/s) ≈ 56.91 × 103 British thermal units (BTU)/minute.
2. One gigawatt (GW) = 109 watts (W, SI) = 1 gigajoule/second
(GJ/s) ≈ 56.91 × 106 British thermal units (BTU)/minute.
3. One kilowatt-hour (kWh)≈ 3.6× 106 joules (J, SI)≈ 3.412× 103
British thermal units (BTU). Carbon dioxide equivalent (CO2-eq)
is a measure for describing the climate-forcing strength of a quantity
of greenhouse gases using the functionally equivalent amount of
carbon dioxide as the reference.
4. One cubic meter (m3, SI) = 103 liters (L) ≈ 264.2 gallons (gal).
One metric ton (t) = 103 kilograms (kg, SI) ≈ 1.102 short tons.
5. One kilogram (kg, SI) ≈ 2.204 pounds (lb).
6. One meter (m, SI) ≈ 3.28 feet (ft).
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Understanding LCA results variability: developing global sensitivity 
analysis with Sobol indices. A first application to photovoltaic systems. 
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Abstract 
LCA has been extensively used in the last few years and a large number of studies have 
been published in the literature. These studies show a great variability in results of 
comparable systems. It somehow leads policy-makers to consider the LCA approach as an 
inconclusive method. Some attempts have been developed to assess LCA results variability; 
however, they remain mostly qualitative.  
In this paper, a method based on Global Sensitivity Analysis (GSA) is presented in order to 
understand the origin of results variability. A general variance decomposition based on the 
Sobol indices is applied to quantify the influence of input parameters on the environmental 
answer.  
A preliminary study is done by using this GSA on a large set of integrated photovoltaic 
systems greenhouse gas (GHG) performances. We identify that the irradiation parameter has 
the largest influence on those GHG performances. The other parameters such as lifetime or 
performance ratio have been identified as having a smaller but significant influence on the 
GHG results variability. The GHG performances range from 24 to 230 g CO2eq/kWh with 
75% of the performance ranging from 23.8 to 93.5g CO2eq/kWh. 
 
Keywords: Sobol indices, variability, GHG performance, photovoltaic, GSA 
 
1. INTRODUCTION 
Life Cycle Assessment (LCA) is nowadays considered as one of the main relevant tool to 
study a product or system environmental impacts. Therefore, LCA has been widely used in 
order to assess the environmental impacts for a panorama of systems. The result is a large 
quantity of LCA studies presenting a high variability in impacts results for comparable 
systems. An IPCC report [1] clearly shows this situation for different sources of electricity 
production over a large set of publications. In this report, the CO2 equivalent emissions for 
photovoltaic (PV) electricity generation range between 5 and 217 g CO2eq/kWh. This high 
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variability tends to complicate the work of decision makers. We propose a method which aims 
at explaining such variability in response to this situation. 
Recently, the LCA research community initiated new methods; defined as meta-analysis, 
to get a comprehensive panorama of systems environmental impacts [2],[3],[4]. These meta-
analyses aim at synthesizing and identifying the main sources of results’ variability [3]. 
Understanding LCA variability requires the definition of its types and sources. Different 
studies [5], [6] underline that defining that kind of information will improve the LCA method 
reliability. Moreover, a selection of studies [7] has identified the possibility of explaining a 
large proportion of environmental impacts variability with a limited number of parameters. 
Sensitivity analyses have been identified as a necessary tool to improve the LCA results 
representativeness [6] by quantifying the influence of input parameters on a system’s 
environmental performances. However, when dealing with environmental impact assessment, 
most sensitivity analyses remain at a local level as they evaluate the variation of the input 
parameters one factor at a time [8]. This approach only partially reflects the LCA results 
variability, because it does not consider the full range of input parameters interval, as well as 
the combined variability and their probability distribution [8]. A statistical tool named Global 
Sensitivity analyses (GSA), by opposition to the traditional local sensitivity analyses, exists 
but only few studies [9][10] have proposed this systematic and generic method to identify the 
most environmentally influential parameters for LCAs.  
This paper aims at presenting a generic methodology that can explain part of the LCA’s 
results variability through input parameter variability assessment. The methodology we 
propose relies on the study of different variability sources for electricity generation systems 
through GSA. The GSA is performed through the computation of Sobol indices that are built 
upon general variance decomposition [11]. This methodology is applied to a large sample 
(20’000) of building integrated PV electricity LCAs as a first example.  
2. PROBLEMATIC 
The LCA modeling process can be summarized as in Figure 1. 
 
 
Figure 1: Representation of the LCA model 
Each stage of a LCA implies variability and uncertainty. Björklund [5] proposed to classify 
these different sources; we will focus on the data inaccuracy (the quantifications of all input 
parameters are function of measurements or data given by experts), the model uncertainty (the 
model of the studied system for the LCA calculations is a simplified representation of the 
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reality), the uncertainty due to choice (the LCA practitioners need to make choices during the 
modeling phase such as allocation rules, system boundaries, choice of average data…), the 
spatial variability (a renewable energy system, for example photovoltaic performance is 
strongly dependant of its geo-localization) and the epistemological uncertainty (due to lack of 
knowledge on system’s behavior, such as the system’s lifetime estimation). 
These aspects and limitations are known and accepted by LCA practitioners. However, 
their transparent descriptions are limited in the literature.  
This issue is a sensitive debated subject when modeling electricity generation systems. The 
fast developments of renewable energy technologies and incentives policies require a clear 
vision of renewable energies environmental impacts panorama. The IPCC [1] has made a 
literature review of the GHG emissions for electricity generation systems which clearly shows 
this problematic (see figure 2). This literature review has been based on different criterions 
such as assumption transparency and temporal representativeness (the LCAs selected in the 
IPCC review had to correspond to an up-to-date technology or to be representative of a near 
future).  
Figure 2 describes the high variability (which encompass variability and uncertainty as 
defined by [5]) seen in the literature and confirms the difficulties, for non-expert, to 
understand such differences. For example the results range from 5 to 217 g CO2eq/kWh for PV 
systems. This complicates the understanding of electricity generation systems GHG 
performances. Few attempts [12] have presented the main sources of variability of the 
electricity generation systems; however, these studies remain mostly qualitative. Recent 
works have been initiated [4],[13] in order to propose an approach to reduce LCA results 
variability through the definition of a set of normalized values for input parameters. Those 
approaches enable a reduction of the environmental impact variability but do not quantify the 
parameters variation influence on environmental performance. 
 
 
Figure 2: GHG results variability for electricity generation systems from IPCC [1]  
Sensitivity analyses (SA) are approaches allowing investigating the results variability from 
inputs parameters [14]. They are defined as the study of relationships between information 
flowing in and out of models [9]. Thereby, performing SA enables a better understanding of 
results variability. 
Sensitivity analyses are not always used in LCA and as an alternative only best and worst 
case scenarios are considered. The commonly used sensitivity analysis (SA) in LCA, named 
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local sensitivity analysis, does not give access to distributions of environmental impact results 
and does not quantify the full influence of input parameter on the environmental answer. The 
commonly used SA in LCA is defined as a local study where parameters vary inside an 
interval around a nominal value. Other particular case of local sensitivity analyses are used in 
LCA, where one factor is varied and the others are held constant (one-factor-at-a-time 
approach OAT, [8]) however, this approach does not consider the possible interaction 
between parameters. 
To overcome these limitations (no probability distribution, no consideration of interaction 
and local analysis only) another type of sensitivity analysis technique called Global 
Sensitivity Analysis (GSA), by opposition to local SA, is of strong interest. GSA enables the 
quantification of input parameters influence on the variance of output performance for 
nonlinear and non monotonic model, by a decomposition of output total variance [15] [16].  
To do this, the function “F” of the LCA model (see Figure 1) is decomposed over a sum of 
elementary functions f: 
    (1) 
Where f can be integrated on [0, 1]
d
, f0 is constant and the other functions are orthogonal: 
    (2) 
This model implies that the parameters are independent and if not a Principal Component 
Analysis (PCA) should be performed in order to satisfy equation (2). 
This decomposition has been proposed by Sobol [11]. Now, if the parameters Xi are 
random and independent, from equation (1), we can obtain the variance decomposition of Y: 
    (3) 
Where: 
    (4) 
And thus the sensitivity indices also called Sobol indices are expressed as:  
  (5) 
The indices can be interpreted as the percentage of variance of a model answer Y, 
explained by each variable Xi or their combinations with the other Xj.  
However, this approach presents the drawback of a high computational cost if the number 
of indices to be assessed is important [8]. Indeed, the number of Sobol indices are a function 
of the number of the “d” input parameters (number of indices = 2
d
-1). Moreover, the Sobol 
indices are complex to manipulate if they are numerous. One approach to overcome these 
limitations is to only consider the total Sobol indices of one parameter encountering the total 
effect of one input parameter on the model output: 
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     (6) 
For a matter of clarity in the assessment of the variance decomposition results, we will 
consider these total indices in our approach (note in that case Stot can be greater than 1). 
Thereby, using GSA through Sobol indices we ensure the description of a complete 
panorama for environmental impact variability of a model and their input parameters. This 
new method can be used to assess the literature variability or the specific variability of a given 
system or sample and to identify which inputs are responsible for a large proportion of the 
output variability.  
3. METHODOLOGY 
The methodology relies on applying GSA and variance decomposition to LCA set of 
results. It is based on the general pathway of GSA adapted to the specific case of the LCA 
method through 3 steps: 
1. Definition of the studied system: based on the standardized LCA methodology (goal and 
scope definition, functional unit, system boundaries, general hypothesis). 
2. Definition of the system modeling, and parameters characterization for the sample 
definition 
- List the input parameters and their range of variation based on literature review, expert 
discussions and goal of the study 
- Define the model which will be used to perform the GSA calculation (how are 
calculated the environmental performances). 
3. Application of the GSA   and variance decomposition (as described in the previous 
section)  
- Generate inputs randomly from a probability distribution over the domain 
- Plug the random samples into the model to obtain the model output (environmental 
answer) 
- Assess the model output using variance decomposition (equation 3) in order to enable a 
hierarchy of the input parameters’ influence by computing the total Sobol indices 
(equations 5 and 6). 
The methodology can thereby be summarized as in Figure 3. 
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Figure 3: GSA Pathways applied to environmental profile 
4. FIRST APPLICATION TO PHOTOVOLTAIC ELECTRICITY 
4.2 Definition of the studied system 
We are aiming at studying the GHG performance variability of building integrated 
photovoltaic (PV) electricity. The functional unit of studied system is:  
The kWh produced by a 3 kWp building integrated PV installation 
Our study considers only crystalline silicon technologies (multi and single-crystalline). 
The GHG performances are calculated as the ratio of the environmental impacts over the 
electricity produced for the life time considered: 
     (7) 
The PV system impact refers to the carbon footprint of manufacturing a 3kWp system 
(including modules, installation structure, cables, inverters…). The system efficiency is 
defined by η, OR is the orientation factor which shows the difference in energy production 
between possible orientations and optimal orientation; PR is the performance ratio (it takes 
into account: shadowing losses, connection losses, inverters losses); S is the system surface, 
Irr is the irradiation, LT is the lifetime and loss is a factor considering the loss of system 
efficiency during the lifetime compared to initial efficiency. 
The set of defined assumptions are the following: 
- End of life is not considered 
- Two types of technologies are considered (multi-crystalline and single-crystalline) 
- Two types of installations are considered (mounted and integrated) 
- The system impacts are extracted from the ecoinvent 2.2 inventories [17](PV modules, 
installation structure, cables, inverters…). The details about the system boundaries can be 
found in [18] 
- Characterization factors (corresponding to the Global Warming Potentials) are from the 
IPCC [19] with a 100 years’ time horizon 
4.3 Characterization of the inputs parameters  
The input parameter definitions, characterizations and distributions of our model are 
described in table 1. 
 
Table 1 Input parameters characterization for a GSA on residential PV electricity 
Parameters Distribution Characterization  
Peak Power [kW] Since the study is on residential, we fixed the value at 3kWp 
System selection As described above, there are 2 types of technologies (single or multi-silicon) as well 
as 2 types of installations structure (mounted or integrated). The system selection is 
made with equiprobability distribution over these 4 technical choices. 
System Impacts 
[kg CO2 eq] 
Module impacts (for both technologies and installation structures) are issued from 
ecoinvent V2.2 [17]. In addition, we defined an uncertainty impact distribution 
following a normal law centered on the ecoinvent values with a 15% relative 
standard deviation This has been proposed in order to assess the influence of the 
possible inventory uncertainty on the GHG performances 
Irradiation [kWh/m2] Annual irradiation between 900 to 2200 kWh/m   with equiprobability distribution 
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Parameters Distribution Characterization  
Lifetime  [years] In the literature, we observed lifetimes ranging between 20 and 30 years. We decided 
to define the lifetime distribution as a normal law centered on 25 years with SD=2 
Efficiency [%] The efficiency range and distribution for each studied technologies (multi and single 
Si) have been estimated according to IEA PVPS work [20]. Therefore, the variability 
due to the system selection as well as the efficiency variability for a same technology 
are addressed. The range is between 0.10 to 0.16. 
Orientation factor  
[-] 
The orientation factor has been defined as ranging between 0, 75 to 1. This represents 
installation ranging from optimized to fully perpendicular to fully horizontal but it 
can also represent installation directed in the western or eastern direction 
Performance ratio  
[-] 
The efficiency range and distribution have been estimated according to IEA PVPS 
work [20] ranging from 0.65 to 0.90 
Surface [m2] The systems’ surfaces have been calculated as a function of system efficiency in 
order to keep the system peak power constant 
Loss [%] Loss factor of 1% each year in production compared to year n-1 (estimation) 
 
These parameters have been selected and characterized to reach a maximum agreement 
regarding the equation (2) requirement. 
4.3 Results from the GSA 
The Monte Carlo simulations are performed applying randomly the inputs as defined in 
Table 1 to calculate the GHG performances distribution of the residential PV electricity.  
 
 
Figure 4: GHG performances of building integrated PV electricity (20‘000 simulations) 
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Figure 5: Sobol indices for the residential PV electricity 
According to our sample definition on which we apply the Monte Carlo simulations, the 
GHG performances vary from one order of magnitude between the minimum and maximum 
values. The median, 1
st
 and 3
rd
 quartiles values are below 100 g CO2eq/kWh. Compared to 
IPCC literature survey [1], the coverage range of GHG performance is slightly higher.  
The variance decomposition is then applied to the system described above. The following 
total Sobol indices are obtained (applying equation 6) on figure 5. 
The total Sobol indices show that most of the variability in the PV systems GHG 
performances is due to the irradiation parameter (and its combination with the other factors 
since total indices are considered, see equation 6). According to the Sobol indices, the other 
important parameters are the system choice, the lifetime and the performance ratio which 
induce a smaller but non negligible variability. The Sobol indices enable a prioritization on 
parameters which explain the variability. 
5. CONCLUSION 
This approach has proposed a methodology to assess the LCA results variability using the 
GSA based on Sobol indices. This new method applied to a large set of PV LCAs results 
(20’000) enables a quantitative assessment of the input parameters influences on the 
environmental answer of the modeled systems. However, this assessment remains dependent 
on the system model completeness and the independence of the parameters is required. In 
relation with the considered set of systems, a hierarchy between inputs is therefore possible 
and helpful for decision makers and industries to understand where and how to invest to 
improve the environmental performances of renewable energies for example.    
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ABSTRACT: This study presents a generic methodology to produce simpliﬁed
models able to provide a comprehensive life cycle impact assessment of energy
pathways. The methodology relies on the application of global sensitivity analysis
to identify key parameters explaining the impact variability of systems over their
life cycle. Simpliﬁed models are built upon the identiﬁcation of such key
parameters. The methodology is applied to one energy pathway: onshore wind
turbines of medium size considering a large sample of possible conﬁgurations
representative of European conditions. Among several technological, geo-
graphical, and methodological parameters, we identiﬁed the turbine load factor
and the wind turbine lifetime as the most inﬂuent parameters. Greenhouse Gas
(GHG) performances have been plotted as a function of these key parameters
identiﬁed. Using these curves, GHG performances of a speciﬁc wind turbine can
be estimated, thus avoiding the undertaking of an extensive Life Cycle
Assessment (LCA). This methodology should be useful for decisions makers, providing them a robust but simple support
tool for assessing the environmental performance of energy systems.
■ INTRODUCTION
Electricity consumption is nowadays responsible of a large
share of the anthropogenic greenhouse gas (GHG) emissions.1
Policy makers debate about the future electricity production
mix to meet the challenge of environmental impact reductions,
while preserving the current standard of living. Decisions to be
taken require a clear view of the potential environmental
impacts of the electricity produced by the diﬀerent existing
technologies. A direct emission approach (considering only
emissions caused by burning fossil fuels, for example) is limited
and should be extended to account for indirect emissions.2,3
Renewable energies are expected to contribute substantially to
future electricity mix and do have indirect impacts caused for
example by their manufacture.4,5 A Life Cycle Assessment
(LCA) is a relevant approach to handle such global analysis of a
product or a system from “cradle to grave”.6
In the particular case of electricity production, diﬀerent
technologies have been widely assessed and several LCAs have
been published comparing renewable and fossil as well as
nuclear energies.3,7 However, the results’ variability observed in
the numerous publications tends to work against a wider
development and use of LCA as a decision support tool for
energy management. As an illustration, the IPCC literature
review of diﬀerent published LCAs shows a large range of
possible GHG emissions for electricity generation systems. In
this work, GHG interval ranges, for example, from 5 to 217 g
CO2eq/kWh for electricity produced by photovoltaic systems.
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This wide range of results leads policy makers to consider LCA
somewhat as an inconclusive method, especially when aiming at
developing alternatives for future electricity mix.9 Hence, the
challenge we are now facing is to produce simple policy support
tools.
A new approach, called the Meta-LCA, tried to address
somehow this issue. With Meta-LCA, the literature variability
and its sources are analyzed, so that LCAs results can be
harmonized by deﬁning a set of most observed parameters
values.10,11 This approach provides a reduced interval of
possible environmental impacts for energy pathways, with a
better understanding of the literature variability. It also
highlights that a relative small number of key parameters can
explain most LCA literature variability.12,13 In a similar way, a
recent publication shows that only two major environmental
key performance indicators explain most variability for GHG
per kWh for wind power electricity.14 Such studies paved the
way to investigate and to deﬁne simpliﬁed models. We propose,
in this study, to develop such simpliﬁed LCA models, able to
generate LCAs results type for a large sample of scenarios, not
restricted to already published results. This approach
encompasses these diﬀerent possible scenarios by considering
a wide typology of variability (technological, methodological
and geographical). It is based on a quantitative identiﬁcation of
a reduced number of signiﬁcant parameters, i.e. those inducing
the biggest variability on the environmental performances. Only
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a few studies have proposed such quantiﬁcation of parameters
inﬂuence, despite its identiﬁed interest (in the environmental
ﬁeld) to improve results reliability.15−20
This paper aims at presenting a generic methodology to
produce reduced and simpliﬁed models able to provide a
comprehensive LCA impact assessment of electricity generation
sources. The methodology relies on the application of global
sensitivity analysis (GSA) to produce a hierarchy among
signiﬁcant parameters and their selection according to their
contribution to the overall variance of energy pathways
environmental impacts. In contrast to more classical sensitivity
approaches, GSA takes into account the whole set of possible
scenarios, as well as interactions between parameters, without
strong assumptions on the relation between a given scenario
and the associated LCA result. Applying the proposed
methodology to derive simpliﬁed models will thus avoid
undertaking extensive LCAs to obtain environmental perform-
ance.
The methodology to generate such simpliﬁed models is
applied to one energy pathway: the generation of a simpliﬁed
model to represent onshore GHG performances, for medium-
size turbines within European wind conditions.
■ MATERIAL AND METHODS
Our goal is to deﬁne a generic methodology that provides a
simpliﬁed model. Such a model should allow rapid estimation
of GHG impacts for an energy pathway over its life cycle. The
simpliﬁed model is deﬁned as a function of the key parameters
inducing most of the result variability.
This objective will be achieved by considering a large number
of simulated scenarios balanced according to probability
distributions characterizing the parameters and by applying
variance decomposition to make possible parameters ranking.
Two issues are raised with this approach and have to be
handled:
1. The representativeness issue: A large sample of possible and
existing scenarios has to be considered. It aims at overcoming
the restrictions of the meta-LCA, mentioned by articles of Hsu
et al.21 and Dolan et al.22 who pointed out the limited
representativeness of that approach which only uses published
works to characterize the parameters variability.
2. The ability of being generic: Identiﬁcation of the key
parameters has to be done with a quantitative and systematic
approach. GSA (see the Supporting Information) has been
identiﬁed as an adequate tool that answers this need. The
approach relies on the decomposition of the total variance as a
sum of variances due to each parameter of the model. This
decomposition remained marginal in the ﬁeld of the environ-
mental impact assessment.15,17,18 We propose here to apply this
statistical approach to the LCA domain.
We deﬁne a general methodology in ﬁve steps to be applied
for the deﬁnition of simpliﬁed models: 1 - Deﬁnition of the
objective and the scope of the simpliﬁed model, 2 - Design of
the reference model generating the GHG performance for a
large sample of scenarios over their life cycle, according to the
objectives the simpliﬁed model should fulﬁll, 3 - Key
parameters identiﬁcation, 4 - Elaboration of the simpliﬁed
model, and 5 - Validity assessment of the model.
1. Deﬁnition of the Objective and Scope of the
Simpliﬁed Model. The objective sets the degree of general-
ization that the simpliﬁed model should cover. For example one
objective could be to obtain a model able to deliver the GHG
performance of any wind turbines (WT). Another objective
could be to obtain a model able to deliver the GHG
performance of any onshore WTs. The objective deﬁnition
must refer to a functional unit (FU). For the above examples,
the FU would be for example the kWh produced by the WT.
The considered set of scenarios has to be deﬁned according
to the objective. Each scenario represents a possible
conﬁguration (type of system, lifetime...). Four types of
characterization are identiﬁed to deﬁne these scenarios:
− Technological characterization, expressing the type of
systems to be accounted for in the study (e.g., WT with or
without gearboxes)
− Geographical characterization, considering in which
country or area the energy system is installed,
− Temporal characterization, deﬁning if the study is
prospective or only considers already installed systems,
− LCA methodological characterization, expressing the
options selected to perform the impact calculation (database,
characterization factors...)
This step is critical for the targeted simpliﬁed model and
should be deﬁned accurately and transparently.
2. Design of the Reference Model. Our methodology
relies on the generation of a sample of environmental
performances (related here to GHG emissions) corresponding
to a large number of possible system scenarios. A reference
model is necessary and requires the combination of two key
features:
1- Producing an environmental performance model deﬁned as
the ratio of the system’s impacts divided by its electricity
production. The impacts are obtained through the running of
an LCA model. Such an LCA model includes the deﬁnition of
an explicit life cycle inventory (LCI) model to be coupled with
a LCA impact model. This explicit inventory model describes
and scales the energy pathway (mass of the system, electricity
production ...) with the identiﬁed parameters. In this step,
systems boundaries and allocation procedures are deﬁned,
following thus the LCA guideline recommendations.23,24
2- Identif ication of a set of relevant parameters covering the
scope of the targeted simpliﬁed model. Each set of parameters’
value corresponds to one scenario. The set of parameters has to
be described with its probability distribution. For the GSA to be
used in step 3, a necessary condition is that the parameters are
uncorrelated, and a suﬃcient condition is that they are
independent. In case they are independent, the joint probability
distribution for the parameters can be described by a
probability distribution for each parameter. As far as possible,
these have to be obtained from a statistical analysis of real data.
If one parameter is correlated to another, a solution is to keep
the ﬁrst one and to introduce the second one only through its
residual variability such as in the work of Kioutsioukis et al.17
Finally, the representativeness of the reference model
outputs has to be assessed with models outputs used in
literature.
3. Identiﬁcation of the Key Parameters Using
Generalized Variance Decomposition. The key parameters
are deﬁned as the parameters which, when varied, are inducing
the biggest variability on the environmental performance.
Sensitivity analyses (SA) are approaches for investigating
results variability from inputs parameters and are suitable for
discriminating key parameters.25,26 However, the commonly
used SAs applied to LCAs only consider variation from worst
case to best case scenario, variations of one parameter at a time
or local SA that considers parameter variation around a nominal
value. Thereby, the parameters’ inﬂuences are not completely
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assessed and might be overestimated.27 The decomposition of
output variance as a sum of variances due to independent
contributions of factors or groups of factors proposed by
Sobol28 is the root of GSA and overcomes the identiﬁed
limitation of the local SAs but has not been used often in
environmental impact assessment.17 Unlike approaches consid-
ering a linear model for the variance decomposition,19,20,29,30
Sobol variance decomposition (and the Sobol indices) does not
require linear modeling assumptions.
The Sobol indices reﬂect the shares of variance that are
explained by the factors. It is a generalization of the squared
correlation coeﬃcient used to quantify the proportion of output
variance explained by a one variable linear model (description
in the Supporting Information). Their ranking is used to
identify the parameters contributing most to the output
variability.
According to the scope deﬁnition and the system modeling,
parameter ranking provides identiﬁcation of the ones which
explain the major part of the environmental impact variance.
The overall methodology is derived from Sobol28 and is divided
into 4 substeps:
− Stochastic generation of n scenarios. It can be done by
diﬀerent sampling methods, e.g., the Monte Carlo approach has
been used,
− Computation of the impacts, applying the environmental
reference performance model to the n generated scenarios,
− Estimation of the Sobol indices for each parameter,
− Selection of the key parameters (q) explaining most of the
variability.
4. Deﬁnition of the Simpliﬁed Model Based on the
Key Identiﬁed Parameters. The simpliﬁed model maps the
key parameters to the GHG impacts. A general regression
approach is used to generate the parametric equation enabling
to estimate the environmental impacts as a function of the q
key parameters.
For a given set of key parameters, the impacts are deﬁned
with an interval characterized by 5 components, the minimum
value, the ﬁrst quartile, the median, the third quartile, and the
maximum value. This interval encompasses the variability
induced by the other parameters not identiﬁed as key with the
GSA but logically inducing a remaining part of the impact
variability.
5. Comparison of the Simpliﬁed Model Results with
Literature and Representativeness Assessment. The
simpliﬁed model representativeness is then assessed by
comparing its results to the results of diﬀerent published
LCAs. A set of reference publications is selected. For each
paper, the values of the key parameters corresponding to the
speciﬁc scenario of the paper are identiﬁed and used in the
simpliﬁed model. The corresponding result from the regression
model is then compared to the LCA result from the reference
publication. A series of comparisons is performed to assess the
representativeness of the simpliﬁed model.
■ APPLICATION OF THE GENERIC METHODOLOGY
TO ONSHORE WIND ELECTRICITY
Onshore wind power electricity has been widely assessed over
the past decades.22 When analyzing the LCA literature survey
on GHG performances for WTs, it ranges from 5 to 80 g
CO2eq/kWh.
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Step 1 − Deﬁnition of the Scope and Objectives of
the Simpliﬁed Model. The objective of this study is to
produce a simpliﬁed model to assess the GHG performance of
industrial onshore WTs (small households turbines are
excluded). Grid losses are excluded.
We now deﬁne the range of possible WT systems scenarios,
we want the reduced model to be able to cope with mainly 2
MW Gearbox WTs currently installed in Europe over a range of
corresponding load factors.
Our sample scenarios are characterized with the following
criteria in order to cover a realistic variability in line with the
scope of the expected reduced model:
− Technological characterization: The study focuses on
industrial utility onshore wind power systems (power over 500
kW). The WT technology only considers gearbox systems.
− Geographical characterization: The study is restricted to
the European area; it covers the range of wind conditions over
that region.
− Temporal characterization: the studied system is related to
current WTs, excluding future technologies.
− Methodological characterization: The LCI database used
to model the systems is ecoinvent V2.2.31 The characterization
factors (CF) used to calculate the CO2 equivalent emissions
associated with the WT manufacturing and operation are based
on the IPCC reports (see table in the Supporting
Information).1,32
Step 2 − Design of the Reference Model. The GHG
performance of wind power electricity is deﬁned as
=
⎡
⎣
⎢
⎤
⎦
⎥GHG performance
kg CO eq
kWh
Impact [kg CO eq]
Electricity production [kWh]
2
WT 2
(1)
where ImpactWT represents the GHG emissions (in kg CO2eq)
associated with the system manufacturing and operation
(calculated as the sum of greenhouse gases having an inﬂuence
on Global Warming, multiplied respectively by their CF). The
electricity (in kWh) produced by the system over its lifetime is
deﬁned as
= · · · ·Electricity production [kWh] 8760 A LT L P (2)
where 8760 is the yearly number of hours, A, an availability
factor which takes into account the time when the system is in
theory producing electricity but in practice is not due to
maintenance for example (a dimensionless ﬁgure ranging from
0 to 1), L, the load factor (ratio between the equivalent
operating hours at nominal power of the system and the yearly
number of hours, a dimensionless ﬁgure ranging from 0 to 1),
LT, the WT lifetime (in year), and P, the nominal power (in
watt).
2.a. Explicit WT Inventory Model Based on a Scaling
Approach and on Literature Reviews. We aim at calculating
the GHG performance for a large, realistic, and representative
sample of systems in line with the objectives. We, therefore,
need to design an explicit WT model to generate the LCI as
well as its system boundaries. Moreover this model has to be
constructed with independent parameters
Previous research applying GSA to the environmental ﬁeld
had to solve this issue to eliminate any redundant variable and
only consider a restricted number of independent variables.17,33
The tower, nacelle, and rotor masses have been identiﬁed as
dependent on the WT nominal power (P). A scaling model,
setting a relation between the WT component masses to the
nominal power, has therefore been developed by analyzing
Environmental Science & Technology Policy Analysis
dx.doi.org/10.1021/es303435e | Environ. Sci. Technol. XXXX, XXX, XXX−XXXC
technical datasheets as well as a publication survey (115 WT
characteristics assessed, see the Supporting Information). The
foundation mass has been identiﬁed as dependent on the tower
height (h).34 However, h can vary for a given WT, depending
on the site wind class where the system is installed.35 Thereby,
the determination coeﬃcient R2 between P and h is not good
(see the Supporting Information). Therefore, we decided to
express h as a function of P enlarged by ±30% to take into
account the residual variability due to wind classes.
Alternatively, other publications by the NREL36 and Caduﬀ
et al.14 (named below as “ETH model”) also developed a
scaling model for estimating the WT component weights and
relating them to a restricted number of parameters (the blade
radius, P, ...). We decided to investigate the results sensitivity to
diﬀerent scaling approaches: the approach developed in this
study as well as the two above-mentioned publications.
The WT tower is assumed to be 100% made of low carbon
steel. The foundations are supposed to be made of reinforced
concrete. For the nacelle and the rotor parts, we decided to use
material distribution from the literature and investigated
whether or not this assumption is critical, and if the variability
induced by the diﬀerent selected design is important. Twenty-
two diﬀerent material distributions for nacelle and rotor were
used.31,37,38
We deﬁned our WT maintenance scheme with the
replacement of 15% of the nacelle components and the change
of one blade over its lifetime.39 The end of life has not been
considered because of lack of return on experiments.
The LCA WT model has been disaggregated into ﬁve parts,
the nacelle, the rotor, the tower, the foundation, and the
maintenance.
In Figure 1, the gray boxes represent the links between the
variables setting the explicit WT inventory model, the white
boxes the Life Cycle impact components. The dashed boxes
represent the nine independent variables selected for the WT
GHG impact calculation (in green in Figure 1), all other
variables being related to them through scaling models. The
WT model information combined with the LCI of ecoinvent
and the Life Cycle Impact Assessment LCIA (IPCC character-
ization factors) allow us to calculate the GHG impacts of one
system. The electricity production is then calculated according
to eq 2, and all the variables inﬂuencing this component must
also be varied.
2b. Characterization of the Independent Parameters.
Thereby, the reference model allows for the calculation of the
GHG performance of a large sample of scenarios for the WT
and relies on the choice and deﬁnition of 9 independent
parameters. Their characterizations (distributions) are drawn
up according to the objectives described in step 1 (Table 1).
Four parameters (Nominal power, Load Factor, Life Time, and
Availability) are necessary for the calculation of the electricity
production, while the others are necessary for the GHG impact
calculation.
The load factor and nominal power (parameters [2] and [3])
characterizations have been deﬁned according to French data
collected for WT parks representing 410 MW of installed
power.40 They are assumed to be representative of the
European situation.
2c. Representativeness and Coherence of the Reference
Model. Finally, the reference model representativeness is
assessed through Monte Carlo simulations over a sample of
25,000 scenarios deﬁned according to the parameter character-
ization and the modeling scheme described above.
The results obtained (Figure 2) using the reference model
vary by a factor of 25 (minimum to maximum) with 50% of the
values ranging from 9.4 to 14.8 g CO2eq/kWh. These results
are consistent with the literature review published by the IPCC
which present GHG performances ranging from 2 to 81 g
Figure 1. WT explicit LCA model (in gray the WT LCI explicit model, in white the impact LCA model, dashed boxes represent the nine
independent parameters).
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CO2eq/kWh. The maximal value in the case study is 10%
smaller than the one observed in the literature. The
interquartile interval is smaller for the case study because the
parameters characterization we adopted encompasses a smaller
variability linked to the objectives deﬁned in step 1 of the
methodology. We can underline the good consistency between
our model results and the IPCC literature review.
Step 3 - Key Parameters Identiﬁcation. The GSA has
been applied to the system deﬁned, accounting for the possible
range of scenarios identiﬁed in our case study. Sobol indices
(Figure 3) represent the proportion of variance explained by
the nine parameters. A Monte Carlo sampling method has been
used to estimate these indices. For all parameters, ﬁrst order
and total Sobol indices are presented. First order indices
represent the inﬂuence of the parameter variability on total
GHG performance variability. Total order indices represent the
inﬂuence of the parameters themselves and all their
combinations with the other (see the Supporting Information).
By analyzing the Sobol Indices, we identiﬁed a large inﬂuence
of the load factor (0.62, ﬁrst order index) and a lesser inﬂuence
of the lifetime (0.11, ﬁrst order index). The nominal power has
a small Sobol index (0.02, ﬁrst order index) which is explained
by the characterization we adopted. Indeed, in our situation, the
WT nominal power distribution is centered on 2 MW or
close.41 Therefore, for this particular characterization, the
variability associated with the nominal power parameter is
small. Other ﬁrst order and total indices are small, which show
that other parameters have only a marginal inﬂuence on the
overall GHG performance variability.
Thereby, the load factor and the lifetime are selected as the
two key parameters, since the sum of their ﬁrst order indices
represents 73% of the total GHG performance variance. Among
the nine parameters considered, technological and geographical
parameters are found to induce most variability compared to
methodological ones. Geomodeling assumptions such as
turbine location and wind speeds were already identiﬁed as
potential key parameters on top of technological ones.14
Step 4 - Generation of the Simpliﬁed Models. Applying
the reference model with respect to parameters variability
characterization (Table 1) GHG performances probability
distributions are calculated and expressed as a function of the
key parameters identiﬁed, the WT lifetime, and the load factor.
By performing a regression calculation on the probability
distributions of GHG performances over 25,000 scenarios, the
generalized simpliﬁed model is expressed by eq 3T
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Figure 2. GHG performance distributions: Case study results
compared to the IPCC results. The boxes show the interquartile
range, the middle line is the median, and the ends of the whiskers are
the minimum and maximum values.
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where the lifetime, LT, is expressed in years, and the load
factor, L, is a dimensionless ﬁgure ranging from 0 to 1. After
comparing with nonparametric alternatives, a satisfactory
accuracy for the general regression (R2 = 0.8625) has been
obtained by assuming for the numerator a linear model.
As an example, in Figure 4, we present, the GHG
performances distributions for a ﬁxed lifetime (20 years) and
the corresponding residue plot for the simpliﬁed model given
by the median curve (R2 = 0.8987). In the Supporting
Information simpliﬁed models corresponding to other lifetimes
are presented. These probability distributions are represented
across several curves: the minimum, ﬁrst quartile, median (the
simpliﬁed model), third quartile, and maximum curves.
Representing the range of distribution curves eases the
understanding of the remaining variability of the nonkey
parameters within the parametric equation.
The residue estimation conﬁrms the good adequation
between the results from the simpliﬁed model and the one
from the reference model.
Therefore, with the simpliﬁed model, by setting values for
load factor and lifetime, Figure 4 provides an estimation of the
range of possible values for GHG performance. For example,
with a load factor of 20% and a lifetime of 20 years, the GHG
performance of industrial WTs are found to be ranging from 10
to 20 g CO2eq/kWh with a median value of 12.9 g CO2eq/kWh.
Step 5 - Comparison of Simpliﬁed Model Results with
Literature, Representativeness Assessment. Results from
the simpliﬁed model are compared with results from published
LCAs to estimate the relevance of such an approach. We have
selected LCA results from Guezuraga et al.43 and Ardente et al.4
studies, as they are covering the range of current onshore WTs
erected in Europe over the last 10 years. Results from these
publications are given in Table 2 corresponding to 6 diﬀerent
scenarios ([A] to [F]) characterized with the two parameters
selected in our simpliﬁed models (LT and L). A no gearbox
alternative has also been included.
The GHG results from literature are positioned relative to
the range of results given by the simpliﬁed model of our case
study (Figure 5).
For WTs with gearbox, the results of the simpliﬁed model are
comparable to the literature. When comparing the model
results to systems without gearbox (case A), results are
diﬀerent. This deviation can be easily explained as gearless
Figure 3. Sobol indices for the onshore wind power electricity case study and the parameters characterization presented in Table 1.
Figure 4. Left: probability distributions of the GHG performances of onshore wind power electricity, as a function of two key parameters (load
factor and lifetime set to 20 years, the purple band represents the minimum/maximum value, and the three lines the 1st quartile, the median, and the
3rd quartile); Right: plot of the residue analysis.
Table 2. Results and Parameters from the Two Selected Articles Used for Comparison with the Simpliﬁed Models
[A], [B] B. Guezuraga et al. [C], [D], [E], [F] F. Ardente et al.
load factor (L) [%] 20,8/34.1 17,9/19/20,6/25,7
lifetime (LT) [y] 20 20
nominal power (P) [kW] 1800/2000 660
type of system [-] Gearless WT/Gearbox WT Gearbox WT
GHG performances [g CO2 eq/kWh] 8,82/9.73 15,7/14,8/13,7/10,9
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turbines have not been considered in the sample deﬁnition for
the generation of the simpliﬁed models.
■ DISCUSSION
Several conditions are worth highlighting for a proper
understanding and exploitation of the proposed methodology
to derive simpliﬁed models:
− Independent parameters for the reference model. The
regression model is built upon a large sample of environmental
performance generated by a reference model referring to a
comprehensive WT LCA model in our case study. Independent
parameters for this model are the necessary condition to apply
GSA. The independent parameters identiﬁcation to build a
proper reference model is challenging and leads to a thorough
study implying a good technical background of the considered
energy pathway. For our onshore wind power case study,
technical datasheets and literature reviews have been analyzed
to set the reference model, and we identiﬁed the dependency
between WT nominal power and its component weight.
− The domain of validity depends on the scope of the
reference model. When assessing the validity of our reference
model for gearless WT, we found that the simpliﬁed GHG
performance did not match the published results by Guezuraga
et al.43 Not considering a gearless scenario for our WTs
reference model, prevents us to use such a model for gearless
conﬁgurations. Our proposed parametric model is therefore not
valid for gearless onshore WTs currently installed in Europe.
Such warning is also valid for the deﬁnition of the range and
limits applied to the set of parameters. The resulting simpliﬁed
model only reﬂects what it has been designed for. Acknowl-
edging the scope and the related assumptions for which the
reduced model is valid is essential and should prevent any
misleading use.
− The order of reduction of the simpliﬁed model depends
on the variability cutoﬀ level. In the case study we came out
with only two parameters, both explaining 73% of the variability
of the sample. We reduced the order of the reference model
(explained by 9 parameters) to a simpliﬁed model with two
parameters. Rules for the parameter selection have to be
developed further and should rely on several criteria: 1 - the
minimum level of variability named “variability cut-oﬀ level”
could be set to 70% for example, 2 - the maximum number of
parameters could be set for example to 3 or 4. Three could be
suﬃcient if keeping the parametric equation R2 over 0.80.
Application to other case studies would lead to generating these
reduction rules.
More generally, applying GSA to identify key parameters is
an asset for LCAs. It brings a methodological statistical
cornerstone to the delicate issue of ranking parameters in LCAs
studies. Deﬁning simpliﬁed models is one application of such a
statistical approach. These simpliﬁed models could also be
renamed as reduced parametrized models: results are obtained
by applying equations with a reduced number of key
parameters.
This paper has revealed that deﬁning a simpliﬁed model
helps to understand the large range of variability of LCA results
for energy pathways and to narrow the interval corresponding
to speciﬁed scenarios. It has been developed as a comple-
mentary tool of detailed LCA for policy supports. Its relevance
is worth considering, as the range of values it provides for our
wind energy pathway are within typical uncertainty ranges for
LCA results. Application to other energy pathways is worth
investigating in order to contribute to future energy debates
related to energy mixes.
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1. Introduction 
Policy makers are nowadays debating about the future electricity mixes that should be deployed. The 
environmental impacts of electricity generation systems is one of the central issue for this debate. 
Environmental impacts of electricity systems have been widely assessed over the past decades, in particular 
with the LCA approach. Several literature reviews have shown the large variability associated with these 
results [1]. It leads sometimes policy makers to consider LCA as an inconclusive method [2]. Improving the 
understanding of the LCA results variability origins is a key issue to extend the use of LCA as a decision 
support tool.  
One approach to adress variability in LCA are sensitivity analysis (SA). However, when dealing with 
environmental impact assessment, most SAs remain at a local level or evaluate the variation of the input 
parameters one factor at a time [3]. These approaches only partially reflect the LCA results variability, 
indeed, it does not consider the full range of input parameters interval and their probability distribution [3]. To 
overcome these limitations, Global Sensitivity Analysis (GSA) approach has been developped in statistics 
[4]. It enables apportioning the results variability of a model to its different input parameter variability, by 
varying all of them simultaneously according to their probability distributions. This link between result 
variability and parameter variability is quantitatively evaluated by the calculation of the so called Sobol 
indices [5].  While it has been applied in only a few analyses in the field of environmental impact assessment 
[6], this statistical tool is yet to be embedded in existing LCA methodology. Thereby, this paper aims at 
proposing a method to implement GSA in the LCA field to adress the results variability issue and more 
specifically the one related to energy pathways.   
2. Materials and methods 
2.1. GSA principle and Sobol indices calculation 
The GSA principle, as well as the Sobol indices calculation details can be found in [3–5]. Briefly summarized 
here, the LCA model can be represented as a function F, which calculates the environmental impact Y, as a 
function of P1, P2 !Pn parameters (database, characterization factors, lifetime!). F can be decomposed in a 
sum of elementary functions: 
! !!!! !!! ! !! ! !!
!
! !! ! !!"
!
!!! !! !!! !!! !!!!!! !!!! !!!   (1) 
This decomposition has been proposed by Sobol [5] and is unique if f0 is constant and the other functions f 
are orthogonal. The parameters Pi being random and independent, with equation (1), the variance 
decomposition of Y is: 
!"# ! ! !!
!
!!! ! ! !!"!!! ! ! !!"#!!!!! ! !!! !!!!!! !  (3) 
Where: 
!! ! ! !"# ! ! !! !! !!!" ! ! !"# ! ! !!!! ! !! ! ! !! !  (4) 
This allows the definition of the sensitivity indices also called Sobol indices:  
!! !
!"#!! ! !! !
!"# !
!
!! !
!"# !
!!!!!!!!!!!!!!!!!!!!!" !
!!" !
!"# !
!!!!!!!!!!!!"# !
!!"# !
!"# !
 (5) 
The indices Si represent the percentage of variance of a model answer Y, explained by the variable Pi; Sij the 
variance due to the joint influence of Pi and Pj.  
2.2. Methodology for GSA application to LCA systems  
The methodology (represented in Figure 1)  we propose, aims at enabling calculations of the Sobol indices 
to LCA environmental impact indicators issued from a set of systems on which we need to understand the 
variability. It follows 5 steps: 
Step 1 – Definition of the goal, scope of the studied systems and identification of the potential variability 
sources.  
Step 2 – System modelling encompassing the identified variability source (inputs Pi ) and characterization 
of the probability distribution of  each Pi.  
Step 3 – Simulations of scenarios, according to the probability distribution specified in step 2.   
Step 4 – Computation of the output environmental impacts resulting from the running of the LCA model to 
the simulation set of possible systems defined instep 3 (Monte Carlo simulations). 
Step 5 – Estimation of the Sobol indices and assessment of the variability origin. 
 
 
 
Figure 1: Methodology for GSA application to LCA 
3. Results and discussion 
Published LCAs performed for renewable energy pathways have shown to cover a wide variability range [7]. 
Such wide range is difficult to analyze as the source of variability are very diverse : geographical, technical 
and methodological. We propose for such renewable systems to give an insight on which parameters explain 
such variability. We therefore applied the proposed methodology for assessing the carbon footprint variability 
for two renewable systems : the photovoltaic (PV) electricity and the wind turbine electricity production 
pathway in Europe. Geographical parameters (irradiation and wind profile) are found to be the parameters 
inducing the highest sensitivity while technical parameters (PV efficiencies for example) and methodological 
parameters (life time of the system for example) are of the same order of importance. Such ranking is of 
interest for decision makers to understand the relation between the carbon footprint and its sources of 
variability.    
4. Conclusions 
Applying the GSA approach in the LCA field enables a better understanding of the environmental impact 
variability. Output variability is quantitatively apportionned to the input parameters variabilities and should 
thus help decision makers into their choices. Indeed, by knowing which parameters are the most influent, 
criterion to lower environmental impacts could be set. Extension to other environmental impacts could be 
performed. GSA could also be used to define reduced models, which could enable estimating environmental 
impacts only knowing the most influent parameters. 
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ABSTRACT 
Literature reviews of energy pathways have shown a large variability of the 
environmental impacts over their systems. This leads decision/policy 
makers to sometimes consider LCA as inconclusive. We developed a 
methodology to assess environmental impacts of energy pathways through a 
simplified model: a parametric model elaborated with key parameters 
explaining most of the pathway variability. It is derived from the definition 
of a reference model enabling to calculate environmental impacts of a large 
sample of representative systems of energy pathways. Identification of key 
parameters is done using Global Sensitivity Analysis and Sobol indices. 
Illustration of such approach is done by defining a simplified model for 
assessing the GHG performance of photovoltaic (PV) electricity produced 
with Cadmium Telluride modules in France.  
INTRODUCTION 
Energy pathways can be assessed through literature reviews accounting for various specific 
systems. These studies highlight a wide range of possible environmental impacts (IPCC, 
2011) and lead decision and policy makers to sometimes consider LCA as inconclusive 
(Brandão, Heath, & Cooper, 2012). For example, the photovoltaic electricity pathway is made 
of various systems encompassing a large technological  and geographical  heterogeneity 
(Kim, Fthenakis, Choi, & Turney, 2012) leading to a wide range of impacts. Detailed LCA of 
a system within an energy pathway is site and technology-specific, is only representative of 
single situations and cannot be representative at large for any energy pathway. To assess 
impacts for an energy pathway and to get a comprehensive explicit analysis of its 
environmental performance profile; there is a need for a new type of models considering the 
technical, temporal and geographical heterogeneity of the systems sample composing this 
pathway. 
We developed a methodology to generate such type of models, called simplified models. It 
enables encompassing energy pathway’s variability by analysing their impacts over a large 
sample of representative systems using Monte-Carlo simulations. Applying Global Sensitivity 
Analysis approach (Saltelli, 2004), we then generate simplified models based on key 
parameters explaining most of the variance of the studied pathway. We now apply this 
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methodology to define a simplified model estimating the GHG performances for photovoltaic 
(PV) electricity produced with Cadmium Telluride (CdTe) modules in France. 
METHODS  
We developed a methodological framework in five steps to assess an energy pathway and to 
generate its related simplified model (Padey, Girard, le Boulch, & Blanc, 2013). As a first 
step, the level of generalization is defined, i.e, what variability is accounted for, by specifying 
the geographical, temporal and technological coverage of the studied pathway. 
We then need to define an explicit reference model as a second step. Such model is defined 
according to the specifications from step 1. It relies on the setting of a  parameterized model 
such as the approach developed by Zimmermann (2012) built with independent variables, and 
on the characterization of its parameters through their interval and probability distributions, 
being as well compliant with the specifications from step 1. Based on the parameters 
characterization, a systems sample representing the energy pathway is generated by Monte 
Carlo simulations, to create its environmental profile.  
To estimate the share of variance due to each parameter and their combinations, we followed 
a Global Sensitivity Analysis (GSA) and derived the related Sobol indices (Sobol, 2001).  
This third step enables ranking parameters influence and identifying which one are keys, i.e. 
explaining most of the environmental impact variance.  
In step 4, the sample scattered plot is reorganized as a function of the key parameters and a 
general regression approach is used to calculate the median parametric equation. It enables 
estimating the impacts of various systems as a function of the key parameters, being thus the 
simplified model. In addition of the simplified model, on the scattered plot, non key 
parameters contributions are represented with the extreme boundaries and the, 1
st
 and 3
rd
 
quartile of the sample. 
Finally, in step 5 we compare the results of the simplified model with results from literature to 
assess the validity of the simplified model estimates. 
RESULTS 
We applied this methodology to define a simplified model estimating the GHG performances 
(in g of CO2 eq/kWh) for a specific energy pathway: PV electricity produced with 3kWp 
CdTe installations in France.  
The process chain analysis for PV module manufacture has been kept from the ecoinvent 
database (Hischier et al., 2009) to define the parameterized model However, module area is 
parameterized according to the module efficiency as well as the electricity mix for 
manufacturing to the location of the module production). Variability sources are identified 
with seven uncorrelated parameters (Figure 1). 
Parameter  Description  Characterization  
Installation 
type  
Selection of the architecture, Discrete choice 
between 2 options : Integrated or mounted   
Expert judgment, 50% mounted, 50% 
integrated  
Irradiation 
(Irr) 
Annual irradiation received per m
2
 in [kWh./ m
2
.y] Based on information provided by a 
collaborative website BDPV, (2013) 
Performance 
Ratio (PR) 
Takes into account: shadowing losses, connection 
losses, inverters losses in [%] 
Based on works from Leloux, Narvarte, 
& Trebosc (2011) 
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Module 
Efficiency  
Percentage of solar energy to which the module is 
exposed and converted into electrical energy in [%] 
Data from  the database  Posharp, (2013)  
Lifetime 
(LT)  
Considers the entire period when the system is 
installed on the roof in years [y] 
[20;30], Truncated normal law centered 
on 25 years, SD=2 , expert 
knowledgejudgment Module Loss  Considers the loss of system efficiency during the 
lifetime compared to initial efficiency  in [%] 
[0.5; 1]  uniform distribution; expert 
judgment  
Country of 
module 
production  
Country where the module is built influences the 
electricity mix required for the manufacturing  
Origin of production from Dominguez-
Ramos, Held, Aldaco (2010); electricity 
mix composition from IEA, (2013)  
Figure 1. Explicit parameters of the reference model description and characterization 
25’000 Monte Carlo simulations have been sampled and GHG performances have been 
estimated for these scenarios creating the GHG performance profile of the energy pathway. 
Key parameters have been identified according to their Sobol indices values (Figure 2). 
 
Figure 2. Boxplot of the PV electricity GHG performances (left), Sobol indices for each 
parameter (right) 
The irradiation, performance ratio and lifetime are found to be the most influencing parameter 
(80% of the overall variance explained), thereby we propose the following parameterized 
equation estimating the GHG performance of the CdTe PV electricity: 
!"!!!"#$%#&'()"*!!"#$ ! !
!"!#$"!!"#$!!"
!"! "!!""
  with R
2
= 0.79  
The simplified model is expressed as a function of the product of the three main parameters, 
as well as a validity assessment on Figure 3. 
 
Figure 3. Simplified model (left) and literature comparison for PV electricity from a specific 
CdTe system (right) 
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DISCUSSION 
Using this parametric equation enables estimating the electricity GHG performances of 3kWp 
CdTe PV systems installed in France only knowing the three key parameters.  
The reference model (step 2) is complex to define as it requires the collection of a large 
number of data; it also requires identifying independent parameters, in order to apportion 
environmental performances variability to parameters variability. Whenever new data become 
available, a new reference model is to be defined. 
The number of key parameters selection is a choice, according to the level of simplification 
decided; three, two or even one parameter can be selected. The less parameters are chosen, the 
simpler is the model, but with potentially less accurate estimates.   
CONCLUSIONS 
Simplified models, according to this approach, have two significant outcomes for decision 
makers: the environmental impact profile of an energy pathway is explicitly characterized 
while access to impacts of systems is easily provided only knowing a restricted but key 
number of information. However, setting such approach requires the definition of an explicit 
reference model and access to a large amount of data that are complex to get today. 
Development of technical databases is fundamental to provide efficient policy support tools. 
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Modèles simplifiés d’Analyse de Cycle de Vie : cadre méthodologique et 
applications aux filières de conversion d’énergie  
RESUME : La transition énergétique est un enjeu majeur actuel et des années à venir. Parmi les 
défis qu’elle va soulever figure la limitation des impacts environnementaux de la production 
d’électricité. Pour cela, des outils d’aide à la décision, simples d’utilisation et suffisamment 
précis, considérant les aspects environnementaux et permettant d’optimiser les choix 
énergétiques futurs, doivent être mis en place. L’analyse environnementale d’une filière de 
conversion d’énergie est un sujet complexe. Elle comporte en effet deux niveaux. Le niveau 
« filière », caractérise le profil global d’impacts environnementaux des systèmes, et le niveau 
« système » caractérise leurs impacts, permettant ainsi une analyse intra-filière. Pour répondre 
à ce besoin de caractérisation en deux niveaux, nous proposons une méthodologie générique 
permettant de développer des modèles d’estimation des profils environnementaux de chacune 
des filières et d’estimer simplement ceux des systèmes qui la composent sans avoir à réaliser 
une étude détaillée. Cette méthodologie repose sur la définition d’un modèle d’Analyse de 
Cycle de Vie paramétré prenant en compte, par Analyse Globale de Sensibilité, un large 
échantillon de systèmes représentatif des configurations observées en pratique au sein des 
filières. Dans un second temps, des modèles simplifiés estimant les performances 
environnementales des systèmes sont définis, en fonction de quelques paramètres clefs
identifiés comme expliquant la plus grande part de variance des impacts environnementaux de 
la filière. Cette méthodologie de réduction de modèle a été appliquée à la filière éolienne 
terrestre en Europe et à la filière photovoltaïque résidentielle en France.!
Mots clés : Analyse de Cycle de Vie; Analyse Globale de Sensibilité; Filières de conversion 
d’énergie; Réduction de modèles; Outils d’aide à la décision; Transition énergétique.  
Simplified Life Cycle Assessment models: methodological framework and 
applications to energy pathways 
ABSTRACT: The energy transition debate is a key issue for today and the coming years. 
One of the challenges is to limit the environmental impacts of electricity production. 
Decision support tools, sufficiently accurate, simple to use, accounting for environmental 
aspects and favoring future energetic choices, must be implemented. However, the 
environmental assessment of the energy pathways is complex,  and it means considering a 
two levels characterization. The “energy pathway” is the 1
st
 level and corresponds to its 
environmental distribution, to compare overall pathways. The “system pathway” is the 2
nd
 
level and compares environmental impacts of systems within each pathway. We have 
devised a generic methodology covering both necessary characterization levels by 
estimating the energy pathways environmental profiles while allowing a simple comparison 
of its systems environmental impacts. This methodology is based on the definition of a 
parameterized Life Cycle Assessment model and considers, through a Global Sensitivity 
Analysis, the environmental impacts of a large sample of systems representative of an 
energy pathway. As a second step, this methodology defines simplified models based on 
few key parameters identified as inducing the largest variability in the energy pathway 
environmental impacts. These models assess in a simple way the systems environmental 
impacts, avoiding any complex LCAs. This reduction methodology has been applied to the 
onshore wind power energy pathway in Europe and the photovoltaic energy pathway in 
France. 
Keywords: Life Cycle Assessment; Global Sensitivity Analysis; Energy pathway; Models 
reduction; Decision support tools; Energy transition debate. 
